Effect of aluminium on bananas (Musa spp.) cultivated in acid solutions. II. Water and nutrient uptake.
Introduction
Aluminium (Al) excess is a major stress limiting plant growth and crop yield in acid soils of tropical and subtropical regions [1] [2] [3] . Many authors have reported that plant roots and shoots were drastically affected when soluble monomeric Al ion increases in soils or nutrient solutions [4] [5] [6] [7] [8] [9] . Other effects of Al resulted in a reduced water [10] [11] [12] and nutrient uptake [13] [14] [15] .
Surprisingly no systematic studies were reported so far on banana despite of its crucial importance as a local staple food and export product in nearly 120 tropical countries [16] . In a previous paper [17] , we showed the detrimental Al effect on root and shoot growth, biomass production and chemical composition of banana plants. It was also noted that the sensitivity of banana plants to Al stress was depending on cultivar and temperature. This paper reports on complementary results on water and nutrient uptake.
Materials and methods

Plant materials and culture conditions
Details on plant material and experimental conditions were given in a previous paper [17] . This study deals with five banana cultivars; Grande Naine (AAA dessert banana), Agbagba (AAB medium false horn plantain) and Obino l'Ewaï (AAB french plantain) are common in the low altitude areas of West Africa; Igitsiri (AAA-EA, 'beer variety') and Kayinja (ABB, a 'cooking variety' but known in Eastern Africa as a 'beer variety') are cultivated in the East African highlands. The experiments were conducted in growth chambers at 448 µE . m -2 . s -1 photon flux density 12 h per day, 90% relative humidity, 28/25°C day/night temperature for the three low altitude cultivars, and 24/20°C day/night temperature for the two 'beer varieties' cultivated in the highlands. These temperatures are close to those encountered in the respective cropping areas. One experiment at 28/25°C was also performed with Kayinja to assess possible effects of temperature on Al sensitivity.
Vitroplants, supplied by Vitropic (Montpellier, France) for Grande Naine and produced by ourselves in the Musa Germplasm Transit Centre (Heverlee, Belgium) of the International Network for Improvement of Banana and Plantain (INIBAP) for the four other cultivars, were weaned for 3 weeks in aerated nutrient solution tanks. The six tallest homogeneous individuals from a batch of 50 vitroplants for each cultivar were chosen. Their average height was 7.5 cm for Grande Naine, 15 cm for Kayinja, 17.1 cm for Agbagba, 17.1 cm for Obino l'Ewaï and 8.0 cm for Igitsiri. They were transferred to 2.5-L pots (one plant per pot).
Nutrient solutions were supplied continuously by peristaltic pumps at a rate of 104 mL . h -1 . pot -1 so that the mean residence time of solution in pots was 1 d [18] . This device allowed to use input solutions with known chemical composition and to sample output solutions at a given time. Half of the plants (i.e., three pots per cultivar) were supplied with a solution having the following composition, in macroelements (mM): 0.9 Ca(NO 3 ) 2 
Measurements
Water and nutrient absorption measurements were carried out twice a week during 40 d. Water uptake was assessed by weighing input and output solutions of each pot over 1 d. Nutrient uptake was calculated as the difference between daily input and output quantities for each pot, i.e., the difference between the product of concentration and solution volume at input and output. The cumulative water and nutrient uptake was calculated using the General Linear Models (GLM) procedure of the statistical software SAS (SAS institute, 1985) . Calcium (Ca), magnesium (Mg) and Al were measured by Direct Current Plasma (DCP) emission spectroscopy, potassium (K) by atomic absorption spectrophotometry, NO 3 -N and NH 4 -N by Kjeldahl distillation, phosphorus (P) by colorimetry, and pH by specific electrodes.
The net release of H + /OH -ions by roots was assessed from the pH values observed in output solutions [17] . To that purpose, pH buffering curves (i.e., pH vs. H + /OHadded) were established for solutions similar to those supplied to plants. Regression polynomial equations fitting these curves were then used to recalculate the net H + /OH -release by plant roots.
Statistical analyses
The General Linear Models (GLM) procedure of the statistical software SAS [19] was used for statistical analysis of the data. Significant differences were considered at p = 0.05 and mean values were ranked by the Scheffé's multiple range test when more than two groups of data were compared by analysis of variance (ANOVA) or by T-test paired method when only two groups of data were compared.
Results
Water uptake
Without Al, the daily water consumption regularly increased with time in response to increasing plant needs ( figure 1) . Three water uptake responses can be discriminated statistically ( 
Nutrient uptake
The curves obtained with the nutrient uptake measurement have similar shapes to those shown for water uptake (figures 2, 3): without Al, nutrient uptake increased with time; the Grande Naine and Kayinja cultivars at 28/25°C had the highest average uptakes (table I ), but the differences with the other cultivars tend to vanish for K, P and NH 4 -N uptake after about 30 d.
With Al, nutrient uptake was significantly reduced (tables I, II ) and, as for water uptake, the difference with the control treatment increased with time. Magnesium 
Statistical ranking of cultivars
The relative Al resistance or sensitivity among cultivars was studied by an analysis of variance (table I ). For most parameters, the amounts absorbed by the two plantains, Agbagba and Obino l'Ewaï, cultivated with Al were representing more than 50% of those absorbed by the same cultivars grown without Al. For other cultivars, and especially for Kayinja, the [+Al / -Al] ratios were less than 50% for most parameters. So, the two plantains, Agbagba and Obino l'Ewaï, appeared more resistant to Al; Kayinja more sensitive.
Discussion
Water and nutrient uptake
The reduction of water and nutrient uptake for bananas grown with Al corroborates with previous studies involving different plant species [12, 15, 20, 21] . It seems well established that the detrimental Al effect on ion uptake does not result from a straightforward and unique mechanism (figure 6).
In the short term, Al binds mainly to the pectic substances in the root cell walls [2, 22] and in the root cell plasma membranes [20, 23] as a result of the high affinity of Al to negative exchange sites [21, 24] . This results in an impairment of root elongation (25, 26) and most ion transport processes through the plasmalemma [27] [28] [29] . Therefore, the root growth and the water and mineral uptake are reduced. The decrease of water uptake could affect the mineral element absorption by decreasing its massflow component. Cation uptake can also be directly inhibited by the competition of Al for exchange sites in root cell walls [2, 4, 8, 14] . Different authors found relationships between the uptake of given cations and their loading rate on root exchange capacity, especially for Mg [21] .
In the long term, the low water and nutrient uptake by plants grown with Al, as compared to plants grown without Al, can mainly be explained by the differences in the absorbing surface area. In fact, the root biomass production has been shown to be reduced by Al for many plant species [4, 8, 30] , including bananas [17] .
As the plant transpiration is considered as the driving force for water upward movement in the plant tissues [31] , the low development of the leaf surface area and the presence of necrotic spots on leaves of banana plants grown with Al [17] can reduce the water uptake which may thus affect the absorption and the upward movement of nutrients. Moreover, as mentioned above, other direct and indirect Al effects on mineral element uptake exist and can also affect the water uptake by alteration of the plant metabolism.
As observed in figures 1-3, water and nutrient uptake curves have similar shapes in both control and Al treatments. In figure 7 where nutrient uptake are plotted against water uptake, the straight lines correspond to the calculated uptake resulting only from convective transport in water . -1 Time (d) flow, i.e., the product of water uptake by input nutrient concentration. In our experiments, these straight lines would correspond to identical concentrations in both output and input solutions. It was the case for Ca uptake by bananas cultivated without Al. Potassium, NO 3 -N, NH 4 -N and P uptake were larger than the calculated uptake by massflow. For Mg, values were identical to the calculated uptake when water uptake was low, whereas they were larger when water uptake was large. These results on banana corroborates with established characteristics for many other plant species [32] [33] [34] [35] .
As far as Al treatments are concerned, nutrient uptake was reduced to values which were similar to those observed in control treatments at the same water uptake rate. In other words, water and nutrient uptake seem to be related by a single relationship which is independent of metabolism inhibition by Al toxicity. The question is therefore twofold: (i) does the nutrient uptake with Al mainly decrease due to induced by Al becomes the main cause for decreasing both growth and mineral uptake by plants. That may be in good agreement with field data which show that water stress of plant is frequently observed as among the first symptoms of soil acidity and Al toxicity. However, this aspect is complex and should be more documented to elucidate causal relationships.
Net H + /OH -release and cation/anion uptake balance
Our results show that the net H + /OHrelease by roots was in close relation to the balance in cations-anions taken up by plants ( figure 5) . The net H + release was displayed by a decrease of pH in output solutions and the net OH -release was displayed by an increase of this pH [17] . Numerous studies showed similar effects of plant nutrition on pH changes in the rhizosphere [35] [36] [37] [38] [39] . These changes were mostly related to N nutrition. Indeed, nitrogen is the only nutrient which can be supplied either as a cation (NH 4 + ) or as an anion (NO 3 -). In our experiments, both N forms were supplied to banana at concentrations 1.8 mM NO 3 -N and 0.2 mM NH 4 -N. This can explain that both acidification and alcalinisation were observed [17] for some cultivars in the control treatments. Despite NH 4 -N represented only 10% of the available N, all bananas were found to prefer In the short-term, Al may inhibit the growth of the root apex (a) and, simultaneously, decrease the uptake of mineral uptake, e.g., nitrate (b). The medium term effects are the inhibition of the root growth (c) which results in decreasing water (d) and mineral uptake (e). The decrease in water uptake may also affect the mineral uptake by decreasing its massflow component (f). In the long term, root (g) and shoot (h) biomass production must be consequently reduced. The reduced development of the leaf surface area of plants grown with Al are other possible causes of the low mineral (i) and water (j) uptake.
water uptake impairment or (ii) does water uptake mainly decrease due to nutrient uptake inhibition by Al? It is likely that, whether Al induces a decrease in root growth and mineral uptake that induces a decrease in water uptake in the short term, in long term, water uptake decrease this N form, i.e., as far as the N needs remained lower than the supplied NH 4 -N quantities, the NH 4 /NO 3 uptake ratio was greater than the input NH 4 /NO 3 ratio, until NH 4 -N was depleted in the nutrient solution. Knowing that NH 4 -N was supplied at a rate of 6.7 mg . d -1 , one notices in figures 2 and 3 that complete uptake of this N form was reached for some cultivars on and after about 28 d. Therefore increasing absolute and relative NO 3 -N uptake rate resulted in excess anion uptake and consequently in the net OH -release by the roots in solutions, except for the two cultivars grown at 24/20°C. No such pH changes were observed when Al was added to input solutions [17] . These solutions were more buffered than the control solutions due to Al hydrolysis; as the input pH was lower, identical H + /OH -release would have resulted in smaller pH changes than in control solutions because of the logarithmic scale between H + activity and pH. Anyway, if a small acidification occurred in two cases during the first week [17] , alcalinisation was not expected because the metabolic inhibition caused by Al was reducing N needs and, as shown for control treatments, pH increased only at high N demand.
Statistical ranking of cultivars
It must be recalled that any conclusion on the relative Al resistance or sensitivity among cultivars is only valid for the growth conditions imposed in the experiments, and for the parameters that were measured. Therefore, no hasty conclusion about the effect of Al on banana yield under field conditions can be drawn from this basic research conducted with young plants in nutrient solutions of fixed composition. Moreover, the picture is complicated because differences already existed in the control treatments: for example, table I shows that Grande Naine was absorbing more water and nutrients during 40 d than any other cultivar, whereas the two cultivars grown at 24/20°C showed lower water uptake and also often lower nutrient uptake. Therefore, the effect of Al can only be assessed in relative terms with respect to controls.
Conclusion
Young bananas, as most cultivated plant species, are sensitive to Al. Water and nutrient uptakes were drastically reduced for banana plants grown with Al. This Al effect seems to result from many mechanisms which interact. In the long term, the decrease in the root absorbing surface area was thought to be the main cause of the decrease of the water and nutrient uptake for plants grown with Al. Statistical analysis indicates that the plantains Agbagba and Obino l'Ewaï are generally more resistant to Al than the other cultivars, at least for the nutrient uptake rates reported in this paper. On the other hand, Kayinja was the most sensitive. Changes of temperature are likely to modify Al sensitivity: indeed one cultivar, Kayinja, showed greater Al sensitivity at 28/25°C than at 24/20°C.
